The Hall effect is investigated in detail for nonsuperconducting and superconducting FeTe thin films. The Hall coefficient commonly exhibits a sign reversal from positive in a hightemperature paramagnetic state to negative in a low-temperature antiferromagnetic state.
valence number, and a rigid-band picture properly works. [9] [10] [11] Isovalent Co substitution of Fe in BaFe 2 As 2 is also considered to shift the Fermi level, and thus works as an electron doping to BaFe 2 As 2 . 12) In contrast to them, the role of chemical substitution in iron chalcogenides has remained unclear. Se and Te take the same valence state, and the band structures are quite similar to each other. 8) Hall effect measurements are one of the powerful techniques to trace how the electronic state changes from FeTe with Se substitution. 13) In this letter, we report on the detailed Hall-effect measurements in the parent compound FeTe thin films, and try to apply two-band Drude picture to demonstrate an interplay of electrons and holes using resistivity and Hall coefficients data. Although the band calculation predicts the sufficient amount of electron and hole density in FeTe, difference of the magnitude of mobility is remarkable not only in the paramagnetic (PM) but also in the AFM states, which suggests the absence of interplay between two types of carriers.
Thin film samples were prepared by pulsed-laser deposition using a stoichiometric FeTe sintered target. 13, 14) We choose MgO(100) as a substrate following the results of substrate selection in the growth of Fe(Se 0.5 Te 0.5 ) thin films. 15) A metal mask was used to make the film in a six-terminal shape. Three FeTe films with different thicknesses are compared in the present study: The thickness of samples A, B, and C is 40, 400, and 165 nm, respectively. The crystal structure is characterized by an x-ray diffraction and transmission electron microscopy (TEM), and the charge transport is characterized by Physical Properties Measurement System (Quantum Design).
Figure 1(a) shows x-ray diffractions of the three samples. Sample C shows almost perfect c-axis orientation, while the other two contain the (101)-oriented domains. In sample A, the 101 reflection is far intense than the 00l reflections. In sample B the intensity of the 00l reflections becomes strong but still the portion of the (101)-oriented domains are not small. We should note, however, that even in sample A high-resolution transmission microscopy (TEM) observation demonstrates a highly c-axis oriented structure [ Fig. 1(b) ]. We can see a sharp interface between MgO and FeTe similar to the case of Fe(Se 0.5 Te 0.5 ) films on MgO, 15) but simultaneously some deteriorated layer is observed at the surface probably due to oxidation during long-time expose in the air. The calculated c-axis lengths from the 00l reflections are 6.258Å, 6.300Å, and 6.285Å for samples A, B, and C, respectively. Samples A and B exhibit higher resistivities than sample C does as shown in Fig. 1(c) , probably because of the admixture of the (101)-oriented domains. The difference is consistent with that ρ along the FeTe layer is slightly lower than that perpendicular to it. It should be noted that ρ of sample C almost equals to that of bulk single crystals ever reported, 16) cating that sample C exhibits an intrinsic in-plane electric transport. Trace of the tetragonalto-monoclinic structural phase transition is not observed in samples B and C. In bulk samples, resistivity exhibits a discontinuous jump at T tm = 68 K, 16, 17) but samples B and C exhibit only a rounded peak in ρ around T = 80 K followed by a rather smooth decrease to low temperatures as reported. 18, 19) However, except for the absence of sharp drop at T tm , overall temperature dependence of ρ is similar between the films and bulk crystals. Thus, crossover from tetragonal to monoclinic phases is likely to take place, and hence, we safely assume that an AFM long-range order is present in samples B and C at low temperatures. In contrast to them, ρ shows a steep drop at T = 57 K in sample A, indicating the presence of a first-order transition.
Another important feature is that sample A shows a steep drop of resistivity below 11 K.
This can be attributed to the onset of superconductivity, because a typical suppression of the transition temperature (T c ) with external magnetic field is observed as shown in the inset of Fig 1(d) . The superconductivity was less obvious immediately after the growth of films, but showed up after two months, and then became unchanged. Thus, this superconductivity seems to be due to an aging effect discussed for Fe(Te,Se) polycrystalline samples. [20] [21] [22] However, we cannot exclude a possible epitaxial strain effect discussed by Han et al., 19) because the c-axis length is far shorter in sample A than in samples B and C. Whatever the reason is, our interest is focused on how the appearance of superconductivity is related to the normal-state electric transport.
The Hall effect is investigated in the same way as was performed to Fe(Se,Te) thin films. 13) We first measure the transverse resistivity by sweeping the magnetic field between -9 T ≤ µ 0 H ≤ 9 T applied normal to the film surface, and then extract an asymmetric component to determine the Hall resistivity ρ xy . Figures 2(a) -2(c) show the field dependence of ρ xy at different temperatures. We find that samples A and B show steep increase up to µ 0 H = 2 T, which is due to an anomalous Hall effect (AHE). ρ xy can be expressed as
where B is the magnetic flux density, and ρ s is the anomalous term of the Hall resistivity.
On the other hand, no trace of AHE is detected in sample C evoking that AHE is not a phenomenon intrinsic to FeTe. The inset of Fig. 2(d) shows B dependence of dρ xy /dB. This gives a rough measure to determine which field range is appropriate for the linear fitting to ρ xy , and we determine to fit the data at 2 ≤ µ 0 H ≤ 4 T. It should be noted that the degree of linearity in high-field region is not significantly different among the three films, which indicates that the effect of AHE is limited in the weak-field region.
The field-dependence of ρ xy at low temperatures shows contrasting results from 3/?? Fe(Se 0.5 Te 0.5 ). In our previous study of Fe(Se 0.5 Te 0.5 ) thin films, 13) ρ xy exhibits a strong nonlinearity to the field at low temperatures, which was considered as a strong evidence of the collapse of the condition of compensated metals, i.e. electron density = hole density. Such behavior is hardly observed in FeTe except for the data at limited temperature regions; one is around T = 40 -70 K where the slope of ρ xy changes from positive to negative, and the other is T = 10 K for sample A only. There are two possible reasons for this strong suppression of nonlinearity. One is that electron density is equal to hole density, and the other is that the mobility of one-type carrier is far larger than that of the other carrier. We will discuss it later.
Temperature dependence of R H is summarized in Fig. 2(d) . It is surprising that all three films follow almost the same lines in the high-temperature region, which indicates that the mixture of the (101)-oriented domain does not give a strong influence to R H . The inset of In order to obtain further insight to the behavior of electrons and holes, it is useful to evaluate the mobility of carriers. However, it is unrealistic to directly deal with the five conduction bands of FeTe. We thus adopted a reduced two-band model containing one electron band and one hole band. In the two-band Drude model, resistivity and Hall coefficients can be described as ρ = 1/e(µ h n h + µ e n e ) and R H = (µ 2 h n h − µ 2 e n e )/e(µ h n h + µ e n e ) 2 , where µ h , µ e , n h , and n e are hole mobility, electron mobility, hole density, and electron density, respectively.
Once n h and n e are given, we can calculate µ h and µ e . As was first predicted theoretically, 24) and was later confirmed by neutron-diffraction studies, 25, 26) FeTe has a bicollinear AFM order in low-temperature region. Therefore, we may apply the calculated carrier densities by Ma et al., 24) to our mobility estimation, in which n h (n e ) = 2.26 (2.38) × 10 27 m −3 are reported. Ma et al. also reported the carrier densities in the nonmagnetic state as n h = n e = 4.77 × 10 27 m −3 (corresponding to a compensated metal), 24) and at first glance these values correspond to the high-temperature state. However, the presence of free localized spins above T tm has been reported by magnetic susceptibility. 27, 28) This means that the hightemperature region should be regarded as a Curie-Weiss type paramagnetic state, and hence those calculated for the nonmagnetic state are likely overestimated. We thus need to apply 4/?? the carrier densities calculated for the paramagnetic state, and use the following values n h (n e ) = 1.07 (1.26) × 10 27 m −3 . which will appear elsewhere in near future. 29) Calculated mobility is summarized in Figs. 3(a)-(c) . At high-temperature (T ≥ 70 K), we plot µ h and µ e not only for the paramagnetic case but also the nonmagnetic case for comparison. It is easily seen that the µ e takes negative values in the whole temperature region in common to all the films, and thus this assumption looks unrealistic. In the paramagnetic case, we obtained rather reasonable values of mobilities, and we discuss them hereafter. The electric transport is dominated by holes at high temperatures; µ h exceeds ≈ 4 × 10 −4 m 2 V −1 s −1 for samples A and B, while µ h of sample C reaches almost 8 × 10 −4 m 2 V −1 s −1 , which is the main reason of the lower resistivity of sample C. µ e 's commonly show small values for three samples; µ e 's are approximately half of µ h , indicating that the contribution of n-type carrier is strongly suppressed in the paramagnetic (PM) state. This is surprising because the band calculation predict almost similar band mass for both the electron pocket around M point and the hole pocket around Γ point. 8, 24) We may infer that this large difference in the character of p-and n-type carriers is dependent on the more detailed structure of the Fermi surfaces, which will be clarified with ARPES and/or another methods.
The dominancy of holes is completely interchanged when the antiferromagnetic long-range order is evolved. Once FeTe goes into the AFM state, µ h starts decreasing and simultaneously µ e starts increasing. Strikingly, µ h is completely suppressed to zero in samples B and C, which indicates that the p type carrier has been almost localized. On the other hand, the evolution of µ e is remarkable, and its magnitude exceeds the value of µ h in the PM state. This large enhancement of µ e is the main reason of metallic, (dρ/dT > 0), conduction in the AFM state. Another important finding is that the suppression of µ h is less emphasized in sample A. The suppression of µ h actually occurs in sample A, but the minimum value of µ h remains at sufficiently high value as 1.8 × 10 −4 m 2 V −1 s −1 , which is comparable to µ e . Therefore, we may expect in sample A that both electrons and holes coexist as itinerant carriers even in the AFM state.
The mobility analysis indicates that µ h remains finite in superconducting sample while it goes to almost zero in nonsuperconducting samples. In other words, sufficient itinerancy is necessary for the occurrence of superconductivity in both electron and hole bands. This result prefers a scenario of pairing mechanism requiring an interband scattering between p-and n-type Fermi surfaces, and hence supports either s ++ -wave or s ± -wave pairing states, 4, 5, 30) while it may exclude the possibility of simple anisotropic s-and d-wave pairing state in which gap opens independently on each Fermi surface. One may claim that the strong suppression
5/??
Letter of µ h to zero is just an artifact of the calculations. However, we have confirmed that a slight change in the carrier density never alters the tendency that superconducting sample exhibits higher hole mobility than that nonsuperconducting one does, and hence, the correlation of superconductivity with the itinerancy of holes and electrons seems to be robust. It should be noted that our analysis taking only two bands into account does not loose generality for the real five band transport. We should emphasize again that the present results discuss an extreme case where µ h is almost zero at low temperatures. In this case, we may safely conclude that all holes are not mobile, and the qualitative discussion carried out before is still valid.
In conclusion, we measured the Hall effect for nonsuperconducting and superconducting 
